INTRODUCTION
2.5. The specificity of the antibody was assessed by western blot analysis using E. coli whole 149 cell extracts expressing inducible recombinant TrfA (see below and Fig. 3) . 150
Western blot analysis. Protein extracts from S. aureus were performed as follows: overnight 151 cultures of strains in MHB growing at 37°C with agitation, were diluted (1/100) in MHB and 152 growth at 37°C with agitation until an O.D. 600 = 0.5. When indicated, oxacillin (1 µg/ml) was 153 added and bacteria were grown for an additional hour. After centrifugation, cell pellets were 154 washed and resuspended in 500 µL TE buffer (10mM Tris pH7.5, 1mM EDTA). Bacterial cells 155 were disrupted by adding 500 µl of acid washed glass beads (100-200 micron, Sigma) and using 156
FastPrep cell disrupter (MP Biomedicals). The cell debris was separated from soluble proteinmembranes (Hybond-N Amersham). A α-32 P-UTP (Hartmann Analytics, FP-110 15Tbq/mmol) 168 labeled trfA riboprobe was generated from pAM845 (Table 1 and S1). After plasmid linearization 169 with Acc65I and gel purification, an α-P 32 -UTP labeled complementary antisense transcript was 170 produced by in vitro transcription using T7 polymerase essentially as described (26) . 171
Unincorporated nucleotide was removed by passage over a microspin ProbeQuant G-50 column 172 (GE Healthcare). The riboprobe mixture was treated with DNaseI (Promega RQ1) to eliminate 173 the template DNA, extracted with phenol:chloroform:isoamylalcohol (25:24:1), and precipitated 174 with ethanol in the presence of 16 μg glycogen carrier. The pellet was washed with ice cold 70% 175 ethanol, dried, and resuspended in a minimal volume of TE. An aliquot was tested for probe 176 purity on a 6% polyacrylamide 8M urea sequencing gel. The membrane was prehybridized with 177 QuikHyb (Stratagene) buffer and incubated overnight with the trfA riboprobe at 65°C. Washes 178 were done as follows: first wash at 55°C with 2×SSC, 0.1%SDS for 15min, a second wash with 179 1×SSC, 0.1%SDS for 10 min at 55°C followed by one wash with 0.1×SSC, 0.1%SDS for 10 min 180 at 55°C. The membrane was transferred to 3MM paper without drying, sealed and 181
autoradiographed (Amersham Hyperfilms). 182
Mapping of trfA transcriptional start site. The 5' end of trfA transcripts were mapped using 183
SMARTer RACE cDNA Amplification Kit from Clontech (Cat. No. 634923) . Total RNA was 184 extracted from an oxacillin-induced culture of ISP794 strain, a condition where levels of trfA 185 transcription was shown to be high in pilot experiments. Gene specific cDNA with a Smarter IIA 186 on July 9, 2017 by guest http://aac.asm.org/ Downloaded from phenotype. We conclude from these results that the GISA phenotype could be correlated with 210 increased trfA transcription, and that trfA levels could be considered as a characteristic feature of 211 some GISA strains. 212
Cell-wall active antibiotics induce trfA gene transcription. We next explored how trfA 213 transcription was affected by exposure of cells to cell-wall active antibiotics. We chose to use the 214 8325-derived strain ISP794 for these studies because of our extensive use of this strain in our and 215 other laboratories for genetic analysis of antibiotic resistance mechanisms. We observed a 216 significant 3-fold induction (p < 0.01) of trfA following a 1 h exposure of ISP794 strain to 1 217 µg/ml oxacillin (Fig. 2) . These conditions were chosen because oxacillin has been widely used to 218 induce cell wall stress in a variety of S. aureus strains (28, 29) . In contrast, we observed that 219 control mRNA levels of a housekeeping gene encoding the nucleoid protein Hu were not 220 significantly affected by oxacillin treatment (data not shown). 221
To extend these findings, we further tested the effect of other cell wall active antibiotics: 222 vancomycin, teicoplanin and D-cycloserine. We observed that trfA transcription was significantly 223 (P < 0.05) induced in every case compared to untreated control by 2-, 2.8-and 2.4-fold following 224 brief exposure to 10 µg/ml vancomycin, teicoplanin and D-cycloserine, respectively. In contrast, 225 no significant transcriptional alteration (exceeding +/-25% of untreated control) of the 226 housekeeping control hu mRNA levels was observed with the same treated samples (data not 227 shown). To address the question whether trfA transcriptional induction was obtained exclusively 228 with cell-wall active antibiotics, we exposed cells to ciprofloxacin, an inhibitor of DNA gyrase 229 and type IV topoisomerase, and observed no induction of trfA transcription (Fig. 2) . Collectively, 230
we conclude from these results that trfA transcription is induced by four antibiotics encompassing 231 three distinct classes and known to induce cell wall stress.
(Materials and Methods). The antibody specificity was first confirmed using recombinant S. 235 aureus TrfA produced in E. Coli (Fig. 3, lane 1 (Fig. 3 , compare lanes 2 and 3). TrfA levels were also significantly 243 increased in ISP794 exposed to oxacillin (using the same conditions as for figure 2) compared to 244 untreated control (Fig. 3, lanes 2 and 4) . Oxacillin did not result in a significant increase in steady 245 state levels of TrfA in strain ISP4-2-1. It is worthwhile mentioning that we consistently observed 246
TrfA levels that were comparable between extracts from strain ISP4-2-1 and ISP794 treated with 247 oxacillin. 248
Taken together, we conclude from these results that transcriptional induction of trfA by 249 various stimuli is mirrored by comparable increased production of TrfA protein. 250 Transcriptional analysis of trfA. The induction of trfA by antibiotics targeting cell wall 251 biosynthesis led us to examine trfA transcriptional regulation in detail. As a first step to dissect 252 the regulatory pathways controlling trfA expression in S. aureus, trfA transcription was first 253 examined by both Northern analysis and 5'-RACE mapping. Northern blots consistently detected 254 three transcripts of approximately 0.9, 0.8 and 0.75-kb in both ISP794 and ISP4-2-1 strains, usingconditions of the assay, we consistently noted that the three transcripts were of comparable 257 intensity suggesting equivalent promoter usage. The transcripts detected were sufficient to 258 encode full-length TrfA (predicted 239 amino acids, Fig. 4B ) and furthermore, northern 259 hybridization with a specific spx probe confirmed the presence of two monocistronic upstream 260 spx transcripts of 0.6 and 0.5 kb, as previously described (30) (Fig. 4A) Collectively, from these results we conclude that trfA is transcribed monocistronically from 268 three promoters. This finding contrasts with a previously published prediction placing trfA within 269 a large multigene operon (31). 270
Searching for regulators of trfA. Previous studies had established that many members of 271 the cell wall stress regulon were under the control of the cell wall stress sentinel two-component 272 system VraRS (29, 32) . In light of the aforementioned induction of trfA by various cell wall 273 active antibiotics, the impact of VraRS, on transcriptional regulation of trfA was tested in the 274 presence or absence of oxacillin. We observed an identical pattern of trfA transcription by 275
Northern blot, in a ΔvraSR disruption mutant of ISP794 compared with its isogenic wild-type 276 parent when incubated in antibiotic-free medium (Fig. S1A) . Importantly, incubation of ISP794 277 and its ΔvraSR mutant in an oxacillin-containing medium resulted in identical antibiotic-triggered 278 upregulation of trfA transcription for both strains ( We performed qRT-PCR using both ISP794 (rsbU-) and its corresponding rsbU+ restored 292 derivative ISP794 (rsbU+) strain ( Fig. S1C ) (24). As expected, the restoration of rsbU+ in 293 ISP794 strongly restored σ B activity since a significant (p< 0.05) 7-fold increased mRNA levels 294 were observed for asp23, a gene known to be exclusively σ Bdependent (35). In contrast, no 295 difference was observed for vraR mRNA levels known to be regulated in a σ Bindependent 296 manner (36). We observed only a minor change in basal trfA transcription (< 1.5-fold) in the 297 rsbU+-restored strain compared to ISP794 (Fig. S1C ). The σ B regulon has been extensively 298 studied in S. aureus and consistent with our findings, we found no σ B consensus promoter motif 299 nor detection of altered trfA mRNA levels reported by transcriptome analysis (36). Since the 300 addition of various cell wall active antibiotics results in a robust induction of trfA transcription in 301 ISP794 in the absence of a significant σ B activity in this strain background ( Fig. 2) , we conclude 302 from these experiments that trfA is not part of the σ B regulon. 303 on July 9, 2017 by guest http://aac.asm.org/ Downloaded from strain Tei r ISP4-2-1 compared to Tei s ISP794 (Fig. 4A ) prompted us to examine in detail which 306 of the previously studied three mutations discovered in ISP4-2-1 (10) could account for this 307 observation. ISP4-2-1 harbors two nonsense mutations: one in stp1 (Q12stop) encoding a 308 serine/threonine phosphatase and one in yjbH (K23stop) encoding a negative regulator of the 309 thiol/oxidative stress global regular Spx. The third mutation is a non-conservative missense 310 mutation (G45R) in VraS, the sensor histidine kinase of the VraRS two component system. In our 311 previous study, we had reconstructed each mutation found in ISP4-2-1 and prepared all possible 312 single, double and triple mutations in the ISP794 genetic background (10). 313
The results of qRT-PCR analysis (Fig. 5 ) using the three single mutation derivative strains of 314 ISP794 shows that neither vraSG45R nor stp1Q12stop had any significant impact on trfA 315 transcription. In contrast, we observed that yjbHK23stop significantly increased trfA transcription 316 by 4.2-fold compared with wild-type ISP794. Interestingly, this transcriptional upregulation of 317 trfA was at least equivalent to the 3.5-fold increase observed in ISP4-2-1 compared with its 318 parent ISP794 (Fig. 5) . We conclude that the loss of yjbH most likely fully accounts for the 319 observed altered regulation of trfA transcription in strain ISP4-2-1. 320
Disruption of yjbH in S. aureus, as well as in B. subtilis, is known to result in stabilization of 321 Spx (10, 37, 38) . Thiol/oxidative stress triggers a release of YjbH from Spx, permitting it to 322 interact with the α-C-terminal domain (α-CTD) of RNA polymerase to direct expression of Spx-323 regulated genes (38-40). In order to determine whether trfA was regulated by Spx, we performed 324
qRT-PCR analysis on RNA obtained from a strain lacking spx, or a derivative strain where spx 325 had been restored by chromosomal insertion of cloned spx+ under the control of its own promoterof the thiol-specific oxidant diamide (5mM) to strain ISP794 strongly induced trfA transcription 331 by approximately 9-fold compared to untreated control (Fig. 5) . Taken together, these results led 332 us to conclude that trfA is regulated by Spx. 333
Moreover, a similar spx-dependent transcription of trfA in both rsbU-and rsbU+ strains 334 backgrounds was observed (Fig. S2) . Restoration of the defective rsbU-gene present in Δspx 335 strain by phage transduction from donor strain AR852 (24) carrying the rsbU + VWsigB operon 336 tetracycline marked nearby shows an identical pattern of trfA expression in both backgrounds, 337 with or without oxacillin administration. 338
339
The effect of oxacillin on spx expression. Our finding that trfA transcription could be 340 induced by a variety of antibiotics targeting various steps in cell wall biosynthesis, led us ask 341 next whether cell-wall antibiotic stress altered spx transcription. Using qRT-PCR, we measured 342 spx transcription in oxacillin-treated compared to untreated bacteria together with hu, encoding a 343 nucleoid protein not known to be significantly altered by cell wall antibiotic stress (Fig. 6A) . The 344 results showed that neither spx, nor hu control transcription was detectably altered by the addition 345 of oxacillin under conditions where trfA was otherwise strongly induced by this treatment (Fig. 2  346 and 5B). In contrast to these results, western blot analysis performed with extracts from the same 347 samples used for RNA extraction revealed strongly enhanced Spx protein levels in oxacillin-348 treated extracts compared to untreated control (Fig. 6B) . These data strongly suggest that 349 In previous work from our laboratory using both GISA and MRSA strains, we discovered 362 that S. aureus trfA played an important role in both glycopeptide and β-lactam resistance in this 363 organism (14). Study of TrfA/MecA in other organisms, notably B. subtilis, suggests that it has 364 numerous biological functions including an assembly chaperone for ClpC, an adaptor protein for 365 regulated proteolysis of bound substrates, and a regulator of transcription factor function (42-45). 366
Precisely how trfA contributes to drug resistance in S. aureus is unknown. 367
In the present study, we report that a panel of four cell wall active antibiotics leads to 368 induction of the S. aureus trfA/mecA promoter and transcription is dependent upon Spx, a global 369 regulator of oxidative stress defense. We did not find evidence that linked trfA transcription to 370 other known sensory systems linked to cell wall stress or cell wall antibiotic resistance such as 371
VraRS or GraRS (32, 46), or the global alternative stress sigma factor SigB (36). Of the cell wall active drugs tested in this study that lead to upregulation of trfA, three 410 have sites of action outside the cell membrane (vancomycin, teicoplanin, and oxacillin) while one 411 targets a cytosolic enzyme (D-cycloserine). The mechanism leading to spx-dependent 412 upregulation of trfA in response to these various agents targeting cell wall biosynthesis must 413 ultimately take into consideration how the various drug-induced stresses are sensed. Our 414 observation that Spx protein levels were dramatically stabilized using oxacillin as a stimulus, 415 whereas spx transcription was unaffected, strongly suggests that cell wall antibiotic stress acts on 416
Spx primarily at the post-transcriptional level. Redox regulation of cysteine residues in YjbH has 417 been proposed as a mechanism governing the proteolytic turnover of Spx (40, 57 Analysis of vraS*, stp1*, yjbH* and spx on trfA mRNA levels. A) Strains harboring each of the three nucleotide changes detected in strain ISP4-2-1 compared to ISP794 (10) were used to determine which mutation(s) conferred enhanced trfA expression in strain ISP4-2-1. Steady-state levels of trfA transcripts were determined by qRT-PCR and normalized to 16S rRNA. Steady-state levels of trfA were also compared between mutant ∆spx and its spx+ restored derivative (∆spx-c) as well as between the thiol-specific oxidant diamide-treated and untreated ISP794. Values represent the mean +/-SEM of three independent experiments. (*) Represents results significantly different by student's two-tailed t-test (p <0.05).
FIG. 6. Effect of oxacillin on spx mRNA levels. A) Steady-state levels of spx and hu transcripts were determined by qRT-PCR and normalized to 16S rRNA, in strain ISP794 compared to oxacillin-treated ISP794 cells. Values represent the mean +/-SEM of three independent experiments. B) Western blot analysis of total soluble protein extracts (75 μg) of S. aureus ISP794 or the same strain treated with oxacillin loaded in SDS 15% acrylamide gels. Spx protein (13 kDa) was detected using rabbit-polyclonal anti-S. aureus Spx antibody as previously described (10).
